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OBJECTIVES

This study is to provide a comprehensive model of fish
response to thermal discharges. The model is to assess the
influence of selected variables on fish distribution and response,
should be easily used and modified, and present results in a
readily understandable format. Furthermore, the model is to be
applied to existing data on fish thermal response to furnish infor—
mation on normal response patterns in standard conditions to

facilitate applicstionzofithermodel.
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ABSTRACT

A one-dimensional time dependent model of fish response
to thermal discharges is presented. Incorporated in the model are
provisions for thermal preference, thermal adaptation rates,
current effects, nonlinearities in the thermal gradient, and to a
limited extent, entrainment. Model results for several species
indicate that: 1) The primary limiting factor in the proposed Davis—
RBesse system is the exit velocity. Fish are unable to swim
against the induced current to reach temperatures more thanh about
1°9C above ambient. 2) The greatest effects on fish distribution
should be observed in winter. At that time, fish are projected to
congregate in the warmest water available consistent with swimming
ability. This region of congregation is expected to cover a large
area beyond the 10 isotherm. During other times of the year, fish
density in the region is projected to be at or below lake density.

A user's manual and documentati'orj are provided to permit
manipulation of the model for projecting unusual conditions or for

new or untested species.



BACKGROUND

Due to the pervasive nature of temperature effects on nearly
all aspects of fish physiology and behavior, this section is broken -
into a humber of subsections, each dealing with a particular aspect
of thermal influence. In addition, this section will provide infor—
mation on efforts to treat some aspects of thermal influence in a
thepretical manner, generally in terms of modelingy. Finally,
models of the physical characteristics of a plume regime will be

reviewed.

Thermal preference

It is well established that fish will exhibit a preference Fér*
waters of a particular temperature. The temperature preferred is
a function of species, and seems to be independent of the environ-
ment from which the species was obtained. Since the mid 1930's
various authors have measured preferred temperatures of wvarious
species. A large portion of this data has been collected and tabu-
lated in the Fisheries Handbook of Engineering Requirements and
Riologicals Criteria (Bell, 1978.)

Two aspects of thermal preference should be noted. First,
preference is an acclimative phenomenon. (Doudoroff, 1942;
Brett, 1944) That is, the temperature preferred by a fish of a

given species is dependent on both the temperature of the water
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and length of exposure prior to the preference test. Ultimately,
some final preferred temperature is obtained and no exposure to
water in excess of this will elevate the preferred temperature
further. Second, so long as the maximum temperature of the
environment is less than the final preferred temperature, fish will
acclimate to the maximum rather than the mean temperatures of

the environment. (Brett, 1944, 1946)

Temperature and Fish distribution

Having established that fish prefer certain environmental
temperatures over others, it remains to be shown how this influ—
ences their distribution in the aquatic environment.

Ferguson (1958) perfomed a series of exper‘ime'nts on yellow

perch (Perca flavescens) in which the fish were permitted to dis—

tribute themselves freely in a vertical temperature gradient.
VVariations of the gradient were made and the results of the distri-
bution noted. In all cases it was found that the majority of fish
distributed themselves in waters of approximately 25°C. ‘This
corresponded well with other measurements of the final preferred
temperature. Field studies performed by Dendy (1948) and
Bardach (1955) indicate that this temperature selection phenomenon
governs the distribution of fish in all regions where there is suffi-

&ienmtt oxygen. In cases where the preferred temperature lay in a

e
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zone depleted in oxygen, the fish would distribute themsélves as
close to the preferred temperature as oxygen levels would permit.
This would indicate that temperature is one of the prime determis -

pahtsobffifishppegitionirinttiheagaasii ceenrivonmenht .

Temperature and swimming ability

Brett, et al. (1958) measured the swimming speeds of young
coho and sockeye salmon at various femperatur‘es. It was found
that swimming speed (maximum sustained swimming spged) increas—
ed with temperature until some particular temperature was reached,
aften which swimming speed declined with increasing temperature.
The point of inflection was unique for the species tested and was
found to correspond to the preferred temperature of the species.
This preferred temperature would seem to represent some meta-
bolic optimum.

Swimming speeds of other species have been measured and
results of severaljstudies are presented in Fry.({96%)Y) Here also,
peaking of swimming speed is observed at the preferred tempera-

ture of the species.

Lethal effects of temperature

Numerous authors have reported the lethal effects of both hot
and cold water on fishes. Results of several of these studies are

collected in Brett (1956). It has been found that the ultimate
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lethal limits (useally the points of 50% mortality).lare characteristic

of species. Lethal limits have been shown to vary with acclimation

temperature and exposure time. Generally, both upper and lower
lethal limits increase with increasing acclimation temperature and

decrease with increasing exposure time. Data from Reutter (1972,

1978, 1974) indicates that cold shock fexposure to water colder than

the lower lethal limit) is most cpitical due to the extremely rapid
mortality. This sensitivity to cold shock has also been noted by

other authors and is reported in Brett (1956).

Directive effects of temperature

Changes in temperature have been implicéted as stimulative

agents for such processes as sexual development, spawning and

migration. Sensitivity of fish to temperature changes less than .1°C

in magnitude have been demonstrated. Thermal selection in temp:=.
erature preference studies has nhot demonstrated this degree of
sensitivity, but apparently the response here is not as critical as
for developmental or other responses. References to reports of
various directive influences of temperature are presented in

Brett (1959.)

Current effects on fish movement

Brett, et al. (1958) discussed the ability of fish to cope with

currents. It was determined that as current increased, the range
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of temperatures within which fish could cope with the current de-—
creased. This was due to the relation between swimming speed
and temperature and consequently’, the relation between metabolic
activity and temperature.

Elson (1939) examined the behavioral’ response of speckled
trout to current and variations in current. Fish activity was
found to increase in regions of turbulence. High temperature was
found to adversely affect activity. Fish were also allowed to sel-
ect between regions of high and low current. The fish were found
to select regions of reduced current but not regions of eddy or
still water. Once a particular set of conditions was selected, the
fish tended to maintain position and exhibited little tendency to

wander. Random wandering activity was highest in still water.

Thermal plumes: studies and models

Studies of thermal plumes have recently become popular and
there is rapid proliferation of information on theoretical and phe+-
nomendlodical aspects of plume generation, structure and propogation.,
Only a few representative studies will be discussed here.

Two recent studies of thermal plumes (Frigo, et al. 1973;
Green, et al. 1972) illustrate several characteristics of thermal
plumes. Thermal imagery used by Green, et-al. vividly illustrates

the surface temperature distributions in thermal plumes. One
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obvious feature of the distribution is tHe thermal banding which
occurs throughout the plume. This thermal banding is a periodic
(with distance) phenomenon probability created by instability and
oscillation in the jet. It is readily seen on thermal infrared photo—
graphs as a series of alternating light and dark arcs extending
outward like ripples from the plume source.

Subsurface measurements were made to determine if this
banding was limited to the surface or whether it extended through-
out the depth of the plume. It was found that the surface
observations reflected conditions at depth, that is, the observed
temperature band extended down from the surface to the bottom of
the plume. Thermal vapriation near the outlet was found to be per-—
iodic in time with a peak to peak amplitude of 2-3°C and a
frequency of approximately three cycles per minute.

Paddock, et al. (1 973) discuss various mathematical models
of thermal discharge plumes and evaluate model accuracy in pre—
diction of real conditions. The general conclusion reached is that
the physical models are progressing well and in most cases give
good approximations to observed conditions; however, further effort

is required before the models can be considered of high reliability.

Fishery models

Most models of fish populations and Fisher*ies deal:. with mass
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or energy flows through the environment. Very few deal with
behavorial response to change in environmental conditions.

An example of the first type is the model of Riffenbaugh
(1969.) In this model a three fishery system was considered.
Interactions between species, fisheries and predators were consid—
ered and used to develpp an optimum strategy for management of
the fisheries. Verification of the model was achieved by compari-
son of model predictions with sei}eral year's previous data of
“abundance, fishing effort and yield. Agreement was very good.

The only example known to this author of the second type

model is the current model study.
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PROCEDURES

I. Data Reduction

The available data on fish motion in a thermal gradient was
insufficient to apply the more common methods of analysis in
formation of a model. Thus it was necessary to devise a method
of extracting the maximum information from existing data and then
expanding this via an intermediate model.

Inspection of a large number of sets of observations on fish
distribution in a thermal gradient indicated that the distribution
could be approximated by a skewed—normal probability function.

The equation used to model this probability function is given below.

P - 1 . - [(T—Tm>2/202"\]~ (éb T=Tm) 4 1:)/2

M Tx/on

The standard deviation g and the mean thermal adaptation
temperature Ty (Which equals the preferred temperature under
steady state conditions in the test gradient) were determined
directly from the experimental data. These sample statistics were
considered to be efficient estimators of the corresponding population
statistics. The skewing factor b was determined by fitting this
distribution model to pooled observations made after steady state

conditions were achieved, that is, after the mean position of the

fish in the test gradient showed no significant variation with time.
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A description and listing of the program used to obtain g, T¢m»

and b is given in appendix I.

The function was chosen because it has a number of

desirable properties, notably,

1im
and
lim = 2 - 2
b0 P = 1 o (T T2y
Mm o \2n

which is simply the equation of a Gaussian Norgnal distribution.

Also the function is approximately normalized, that is

400
f P(MdT = 1
— o0
In order for the equality constraint to hold, P(T) as given should
be multiplied by a normalization factor for a particular combination
6f 0 and b. However, in most cases b << 1 and the value Bf the

normalization constant does not thus differ significantly from 1.

1I. The kinetics model and rate determination
For this second step, the motion of the fish in the gradient

was assumed to be a Poisson process where in some time incre=

ment At the fish had a set of probabilities such that there could
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be a transition to the next highest temperature, the next lowest, or
no transition. The time increment At was presumed small enough
that a transition of more than one thermal state was highly improb=
able. The transition probabilities were given by
i > i, )\iAt
P i=j = i =i, (1=;—X1At5. (1 - ”LiAt)
j< i, pyAt

A dlenivatiom of the process is as follows. P(i, t) is the probability

of a fish occupying state i at time t.

P(i, t+At) = P(i, ty (1 —A, A (1 = Aty +
N
P+ 1, (kg A + 0’22 PO+ 3 D (Rt At)
,J= N
+ P -1, t . At + O PG -3, t
(i ) (Aj_q AD j_;‘é (i-3 B

Ay B9

The system is severely limited by the swimming speeds and
current velocities. This implies that in some given time incre-
ment the probability of swimming some distance greater than a
distance equal to the vector sum of swimming velocity and current
velocity times the time increment is very small. Appropriate
choice of the time increment can thus maximize one step transi-—
tion probabilities without significantly increasing two step or

greater transition probabilities for some given distance between
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states. Assuming such an appropriate time increment At, the

higher order terms in the above equation can be neglected leaving

P(i, t #A) = P(i=H)1, ©) (A4 A + P

S P@LY (A FRDAE P (LD (g A

+ P+ 1, t)(‘u'i-HAt)

subtracting P (i, t) from both sides and dividing by At

Prii, t +AD = P, ) _ o _ .
At .— P 1, © Al—"l P (i, £ (Al +l‘-l)

+ P DR ADFPET LD pgy

taking! the limit 1as " At==0

9RO = pa-1,9 Aoy - PG YA +r)

+ PG+ L, D pry oy g

taking {1} & {all available states} one obtains a set of simul-

taneous differential equations describing fish motion in a thermal

gradient.

Normally, the values of the )\i's and. ui's would be obtained

—

by direct observation of fish motion in the gradient. This would
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require an observer noting the time a compartment change occurred
and the compartments of origin and destination for the fish tested
over a several hour period repeated several times during the
preference test. An experiment was attempted using time lapse
photography to record these changes, but difficulties in fish identi-
fication, blocking by compartment walls and camera availability
precluded use of this methodshere. Lacking this information, it
was nhecessary to assume general functional forms for A and g .
It was known that A and p were dependent on the adaptation
temperature at the time of observation and that A_ , the r*ate. of
going to a higher temperature, should decrease with increasing
temperature, and i, the rate of going to a lower temperature,
should increase with increasing temperature. The maximum rate
in any case should not be greater than the swimming speed. It

was also known that under steady state conditions where Tm = final

preferred temperature, dP(T) / dt = 0, and that the rate functions

selected should generate the observed steady state distribution.

These constraints suggest that the rate functions are of the

form:
A - Vs
] 1+e'[(Tj—Tp) ITJ —Tpl (eb (Tj_Tp)"'n /4an2:|8
p — VS ;
i _[ ~ b(’r.-‘r)+1)/-w2]-
T.-THY|IT. -T p 40=(0
1+e(3 p)lj pl(e ] o]
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where:
‘I'j = temperature of the jth‘ state
Tp = internal preferred temperature
ITJ - Tpl = absolute value of the temperature difference

b = skewing factor
o = standard Adeviation of steady state distribution

Vg = maximum sustained cruising speed
-

= patio of temperature gradients

/i’.’
j dx

* — cpitical velocity point

dx *
It can readily be shown that as the ith and i + 1 th states get
closer together, the functions given above yield improving approx-
imations of the steady state distribution function, to fhe extent that
for a continuous distr"i'bution of states, the functions yield the
distribution exactly.

It should be noted at this point that due to the nature of the as-
sumptions regarding the distribution function and the physical processes
as well as limitations of the available data on thermal seeking and
swimming behavior, it would be wisei not to place too great a biological
or physicdl significance on the derived functions. There are numerous
other models which could yield similar results but would have greatly
different structures and assumptions. In the absence of data to the

contrary, however, this is a reasonable model of the process.
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III. The time dependent distribution model

This model, which is listed and detailed in appendix III, is of
the Monte—-Carlo type and is executed as follows. The plume is first
divided into a series of compartments of equal size. Since this model
is presently one~dimensional, the compartments corresponde to equal
distance along the plume centerline. Next, a time incr‘ement_A_g is
chosen such that the probabﬁity of a fish remaining in a particular
compartment over that time increment is low, and also such that
the probability of swimming through two or more compartments in
that At is small. The appropriate At is readily calculated from
consideration of the compartment size, swimming speed and current
velocity. Then,.given the rate functions, At, and current velocity,

the transition probabilities are calculated by

A At
A At #=p; At + (1 -A A =K AD

P = warmer =

#, At

P =»colder =

AAt+ AT (1 -2 AD (- oy Ab

g’_l‘: X,i Ad (1 - FiAt)

P stay =
AAt A+ p A+ (1= AD (1+H,AD
The A's and p's in this case are related to the A's and p's of the
rate model by the addition or subtrattion of the current velocity of

‘the ith compartment, the sign of the arithmethic operation being
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determined by consideration of whether warmer temperatures may
be found upstream or downstream of the ith compartment. The
compartment designation i refers to fhe compartment where the fish
of interest is located at the time of observation. A random number
is then generated and compared to the transition probabilities to
determine which transition occurs in that t increment. An example
of how this works can be shown by the following example. - The
sum of the probabilities must, by definition of the process, sum to

one. Thus the sum may be represented oh a -nLImber line by

Q;

P = warmer | P — colder |P stay

The random number generated lies between zero and one and . is/

copripared as below.

Or; 1

P —warmer | P = colder [P stay

random number

Since the random number of this example falls in the range of
P = colder, a transition of the fish to the neighboring box of
lower ternperature occurs. The subscript is then updated, the
elapsed time incremented by At, new rates for the new subscript

are calculated and the internal preferred temperature is updated.




16
The internal preferred tempenature curve is presumed to follow the
experim_ental mean preferred temperature curve until such tirme as
some barrier is reached, such as a compartment where the current
velocity is equal to swimming velocity, but opposite in direction.
The internal preferred temperature then remains slightly greater
than the water temperature of that compartment. The position of
the fish in the gradient is observed after various periods of time
have elapsed, and this position recorded. When the pre-specified
run time has elapsed (simulated time), the final position is
_r*ecor'ded, all times and the interval preferred temperature are
reset, and a new fish:gs started through the gradient. The process
is repeated until the pre—specified number of fish have been run.
The numbers of fish recorded in each compartment at the various
times are then divided by the total number run to give the occupa-
tion probability. The steady state occupation probabilities and en-
‘hancernent ratios are calcualted by a separate procedure in-the follow—
ing manner.. First, the last compartment!(#500) is presumed: to be
continuous with lake conditions. This implies that the enhancement
ra‘;io here will be equal to omne. Seéond, it is known that under
steady state conditions there must be no net change in the number
of fish in any given compartment. This implies:

Hoy P. = A, P or P
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A series of equations can be generated in the following manner:

P499 _ ~A-500 I:)499 - er 3 ]
P B P B 500 -
500 jt 499 500
Pags _ AB00 - X499 Paos R
P B =) - 499
500 L4909 ° un498 500
P : .. . P .
499-1 A 500 . )\ 499 A 500-i 499-i _ n
= 500~i
P500 R4SO - p 498 7 p499-i Psoo

This is continued until i = compartmenty where compartmenty is the
location of the critical velocity. Since fish cannot maintain position
upstream of this point, the occupation probability is zero. The
enhancement ratios (ER) are given explicitiyr by this method and

the occupation probabilities are:

ERi
P, = :
L 500—_]*
ER,
j =800

This procedure is a random process simulation of fish
pehavier and yields the expected distributions of fish for a given
set of conditions. Again, it is only as good as its underlying
assumptions, but the results it yields are reasonable and need nhot

be taken with too large a grain of salt.
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Operations Manual of Program Usage

Part I. Phrogram EXPO

The purpose of this program is to calculate the mean,
standard deviation, and skewing factor for the distribution of an
experimental group of fish in a thermal gradient. The program
evaluates data such as is generated by Study II. It is designed
for use in an interactive environment such as is provided by
time=-sharing.

A sample run is shown in figure 1. The program will
prompt the user for the required data. Computer generated
prompting and outbut is shown in upper—case letters. The first
prompt is for the number of data points and total units. The
number of data points refers to the total number of ( temperature-
number of fish) pairs to be evaluated (hot to exceed 30). Total
number of units is the total ngmber of fish in the evaluation, or
in other wbr‘ds, the sum of the second members of the data point
pairs. This information is obtained fr‘om. the Study II data, an

example of which is shown in figure 2. Data used in the program

should only be taken from steady state observations. In this case,

steady state is defined to exist when the mean preferred temper-—
ature of the fish is apppoximately equal to the final preferred
temperature. In the example, the last nine observations have been

chosen as satisfying this criterion. It is important to use as
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many observations aé possibnle since the reliability of the étatistics
depends on the total number of units. For small samples, pooling
of observations will serve to approximate observations of large
samples. Returning to figure 1, it can now be seen that the user-—
entered 30 refers to the thirty data pairs of the last nine obser-—
vations, and the 81 refers to the 1safiof-the fish observed at the
various temperatures of the nine observations. These wvalues are
entered without decimal point and with one or more spaces between
the two numbers. A carriage return completes the entry.

The next prompt requests the entry of the observation data
pairs. Position refers to the temperature (thermal position) in
OC, and value refers to the number of fish observed at that tem-—
perature. Values are entered leaving at least one space after each
number. Input:may be continued on as many lines as necessary.
The tic marks shown on the example in figure 1 were penciled in
by the user to facilitate bookkeeping. When the last values have
been entered, the program begins calculation of the statistical
descriptors. Four lines of output are generated, two descriptor
lines and two lines of numbers.

In the first pair of lines, the number referred to as A has
no significance to the general user and should be ignored. The
second number, B, is the skewing factor. E followed by a signed

number is powers of ten scientific notation. It is sm.iggested that
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B be rounded to no more than four significant figures in subsequent
use. RESIDUAL**2 is the sum of the differences between the

entered data and calculated distribution squared. Since this

~ program uses a least squares fit to the data, this number should

be rmuch less than 1. If it is not small, extremal data pairs :
should be eliminated and the program re-=run. Some practice with
the program will assist the user in deciding when a re-run is
necessary and which points to eliminate. ITERATIONS refers to
the number of loops made in the program before the minimum
residual was obtained. IF this number is greater than approxi-
mately fifty, re-run as above since the program had difficulty
fitting the probability function to the entered data.

In the next pair of lines of output. one finds first the mean
thermal position of the data entered. This value should agree
closely with the means of the individual observation periods. If
this value does not give good agreement, it should be re-run as
above. The next value, STD.DEV., is the standard deviation o0 _
of the entered distribution. This value should also be rounded to
four significant figures for later use. B, the skewing factor, is
repeated again in this line for convenience in recording. R (B{),
R(B-.Hand R(B+ .1) are regidual values and are further checks
on the fit. R (B) should be less than the remaining two values.

If it is not, a true least squares fit has not been achieved, and
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the program should be re-run as above. The program will begin
prompting for the next run immediately after the last line of
results is printed. To terminate the program, use the "BREAK"

or "ATTN" key on the terminal.
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Part II. Program FISHES

The purpose of this program is to describe the time
dependent behavior of a species of fish exposed to a thermal
plume. The output gives' the probability of a fish occhying a
particular point in ppace as a function of time. In addition, the
s£eady state distribution, enhancement ratios and steady state rates
of the final stable distribution are given. Data used by this pro-
gram includes the statistics characteristic of a particular species
at a particular season as generated by program EXPO, as well as
site condition parameters such as outfall temperature and velocity.

A sample run is shown on pages 39through 44 . As in
program EXPO, the user is prompted for the proper data inputs.
The names of the requested data cor‘respond' directly with variable
names in the program and are generally mnemonic for the quantii

ties they represent.

i) Data entry

In entering requested data, numbers corresponding to names

beginning with the letters I through N must be entered without

decimal point. All other information may be entered with or with-

out decimal point as desired. In the example, the first prompt
requests the entry of values for the variables NOFISH, TLAKE,

TPREF, EPIS, SKEW, STD. NOFISH (Number Of FISH) begins
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with the letter N. Thus it must be entered without decimal point.
TLAKE (Temperature of LAKE) refers to the lake temperature of
the simulated situation. TPREF (Temperature’ PREFerence) refers
fe, the final preferred temperature of the species to be simulated.
This value should correspend to the lake temperature condition
selected, that is, if the lake temperature given is characteristic
of winter conditions, the winter preferred temperature of the
species should be used. This holds true for all variables related
to the species to be simulated. TPREF is taken as the mean
value generated by program EXPO. EPIS is the wvalue of the
rate of change of mean thermal position with time. It is deters
mined in the following manhér. JIn figure 3 is plotted the mean
thermal position of the population as a fun‘otion of elapsed time.

A smooth curve as shown in the figure is drawn between the

points, but not necessarily fitting any of the points exactly. A
point (or points) is selected on the curve and the corresponding
time and temperature noted for the point. EPIS is then calcu-
lated by:

EPIS = [—m ( AT ):l
ATO (@*'—to)

where: AT = (final preferred temperature — mean tempera—

I
-

ture at time t_)
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TO = (final preferred temperature - initial tempera-
ture at 29_)
to = start time of run
t = time corresponding to selectéd pé)int
(t = to) = elapsed time in_minutes

in = patural logarithm

It is recommended that several points be chosen and the average
value taken. This tends to offset the error in the freehand curve.

Note: EPIS must be obtairied from a run in which no artificial

barriers to fish motion were present at any time and in which the

fish did not congregate at one end of the gradient. Either condi-

tion would cause the value of EPIS to be indeterminate. EPIS can
only be obtained from a run in which the fish had free access to
all temperatures in the gradient and one in which the preferred
temperature was sufficiently distant from the end of the gradient to
minimize end effects on the distribution. SKEW (SKEWing factor)
is the B value from program EXPO. STD (STandard Deviation) is
the std.dev. value fr‘om‘ EXPO.

Each value of a variable requested by the program should be
‘separated from the pr*evioué value by at least one blank space as

shown. A carriage return after the last variable of a line of input

completes the input and signals the computer to proceed to the next step.
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of 500 be chosen for the following reason. Each cycle of the pro-
gram introduqes a fish to the gradient. The first fish appears in
compartment one at time zero, the next in compartment two, and
so forth, repeating every 500 fish. This method, as opposed to
starting all ‘the fish in compartment 500 and letting them swim up-—
gradient, was chosen to simulate entrainment effects as well as
free selection response. This method probably overestimates en-—
trainment, but the large number of fish introduced in the entraining
region creates a distinct peak in the distribution, separate from the
peak for fish beginning at or near lake conditions. This allows the
user to observe differences in the two subpopulations until such
time as the two peaks eventually merge. Five hundred or ohe
thousand fish generally give suFFiqient detail for most purposes.

With these values of RUNTIM and NOFISH, a run can be
made and detailed output generated. In this manner, the user can
observe the most rapid changes in distribution and obtain final
steady state conditions at minimal cost. The method is illustrated
in the example given.

On the basis of this output, the user can decide if longer
simulation periods would be desirable and can determine more
efficiently the simulation period and number of fish which would

give the desired information.
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The next prompt requests values for the variables RUNTIM,
TOUT, DTEMP, OMEGA, BETA, COUT, XFAL. RUNTIM‘(_FEHI}J
TIMe) is the number of minutes to be simulated by the program
from the time the fish are initially introduced to the plume until
thé simulation ends. TOUT (_'_I‘_emper*atur*e of the OUTfall)is the
temperature in Oc of the water leaving the exit. DTEMP, OMEGA
and BETA are used to desér*ibe the plume resulting from a turbu-—
lent, oscillating jet. DTEMP ('_Qelta IE_I\_/\feratur“e) is the maxi-
mum temperature variation near the exit. Green, et al. (1972)
found this temperature difference to be approximately 2-3°C Forl

the Point Beach thermal plume. This may probably be conhsidered

a characteristic value for most plumes. OMEGA is the base rate

of temperature‘ fluction; from data of Green, et al. (1972) it seems
to be ~(2n/.3 min.), or*‘ 20. In other words, one complete cycle
(2m) is completed in 1/38 minute. BETA describes the expansion
or contraction of the distance between successive temperature
crests. If BETA is negative, the distance expands so that the
crests are closest together near the exit, and become further
apart as distance increases along the plume centerline. If BETA
is positive the reverse condition holds. A BETA of zero gives a
linear function where crests occur every 472 meters along the
centerline. In real plume conditions, the crests increase slightly

in spacing with distance (BETA negative). (fig. 4) The initial
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spacing may differ slightly from 42 meters, but the difference is
not significant to the model. A BETA of -.01 is suggested. Set-
ting the values of DTEMP, OMEGA, BETA equal to zero gives a
smooth decay of temperature with distance. In most cases this is
the option of choice. The intrepid user may wish to experiment
with these parameters to observe their influence on time dependent
behavior of the fish population. It should be noted that if non-—
sero values of these parameters are used, the steady state distri-
butions and enhancement ratios obtained by direct calculation are
invalid for the conditions; however, the occupation probability
tables (position tables) are still accurate.

CcouT (gur*r*ént at the _QEIFaH) is the speed of the plume

current in meters per minute at the exit. XFAL (eXponential

FALl-off rate) is the exponential rate of decay with distance of

both temperature and ve‘alocit_y.‘ From data presented in Paddock,
et al. (1973) a value of -~,0025/meter 1s calculated. This value
seems relatively independent of site conditions so long as the
plume is turbulent.. |

The last prompt of the data input section requests VS,
DLTFTR, and BOXLEN VS (_\_/_elocity of _S_wimming) is the maxi-
mum Isustained cruising speed in meters per minute of the species
of interest. Values for this variable can be found in the litera-—

ture, measured in the laboratory by the methods of Brett, et al.
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(1958), or estimated from the relationships between preferred tem-
perature, metabolic activity, and cf‘uising speed.. A very approxi-—

mate relation which might be used for this purpose is:

VS = 108 - 1O"CTPREF_‘1O>/1 Smeters/minute
This relation was derived from data presented by Brett, _e_‘_c_il_.
(1958) updated by more recent information, and from information
given in graphic form in Fry (1967.) This relation should be
used only as a last resort when no other information is available.
In actual situations, the swimming speed varies with adaptation.‘
However, in most cases, over the range of temperatures consid—
ered, the variation is less than ten percent. Variations due to
size of fish and reliability of estimate (if used) create larger
errors than the thermal adaptatioh variation, thus until better data
creates a requirement for a better model, a constant maximum
swimming speed is a good and reasonable assumption.

The next variable, DLTFTR '(p_eEta Time FacToR) is used
to examine the effect:if any, of variations in the time interval
between transitions on the population. Normally, the time inter—
val is calculated by the program SO that there is a iar*ge probab—
ility of one transition in the time At, and a small probability of
two or mofe transitions in that period. A value between zero

and one decreases the transition probability and increases the




31
probability that the simulated fish will remain at a particulér
location during the time interval. Values greater than one
increase the two step transition probability and are not recom-—
mended. Persons experienced in Monte—Carlo simulation may
use this parameter to good effect. Other users should use a
value of one for this variable. Further information on the Monte—
Carlo simulation process and the role of the time increment may
be found in appendix III.

The final variable BOXLEN (BOX LENgth) is the unit dis-
tance ih meters of distance along the centerline. In the simula-—
tion, centerline distance is divided into 500 compartments or
"poxes', each compartment being BOXLEN meters long. Fish
travel from one box to the next in the time interval At. The
value of this variable should be chosen large enough so that con-
ditions in box 500 are approximately the same as lake conditions,
but yet small enough so that resolution is not lost. Values rang-—
ing from six to ten work well and are recommended.

After all data has been entered, the program will pr*in’lf'
"PROGRAM EXECUTING." This is to inform the user that all
data has been accepted and that the simulated fish are merrily

scampering through their simulated environment.
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ii) Control and interpretation of output
The first indication that the computer has completed its

deliberations is when it asks if the user wishes the position

tables. The questioh should be answered with a simple yes or no.

If the user enters ho, the program will return three pieces of
information, the number of iterations, the internal preferred
temperature and the time to steady state rates. The number of

itepations is a measure of the time required by the computer to

‘perfor*m the simulation. It may be estimated by:

Iterations =(RUNTIM * NOFISH * VS)
DLTFTR - BOXLEN

This is significant in estimation of costs for program use. For
example, on the IBM 370/165 the program will perform about 400
iterations per second of execution time. To run 1000 fish for
1000 minutes with VS equal to 6m/min, BOXLEN equal to 6, and
DLTFTR equal to one would take about 1 million iterations. At
400 iterations per second, that is 5000 seconds execution time or
about 45 minutes. Multiplication of the time by the dollar rate
for computer Qse provides an estimate of cost per run,

The second piece of information, the internal preferred
temperature is an estimate of the temperature the average fish
would prefer after RUNTIM minutes for the conditions in the -

plume. This may or may not be the same as the final preferred
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temperature and depends mainly on the position of the critical

‘velocity point. The value printed should be rounded to one digit

to the right of the decimal point. The internal preference is
allowed to rise until the final preference is reached or until a
fish, swimming at the maximum pate for its internal preference,
becomes limited in motion to warmer waters by the current of
the critical velocity point.

"Time to steady state reates" indicates the time it would
take the average fish to adapt to plume conditions. A time
greater than or equal to RUNTIM indicates that the fish either
have hot had time to adapt, or did pot” have a chance to adapt due
to curjr‘ent or preferred temperature influences. This time is not
the time to a steady state distribution. Under: most conditions,

a steady state distribution will not be achieved until a period ~100
times this period has elapsed. The value given for this time -
should be rounded to a last significant figure in the ten's pléce
(Example: 142.67720 =1 40).

If the user decides the position tébles are desir‘ed, "yves"
should be entered in response to the question of several para-
graphs previous. The user is then asked to enter the number of
the first position table to be printed. A number from one to ten,
without decimal point, should be entered. The user determines

the number to be entered in the following manner. During
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execution of the program, RUNTIM is divided into ten equal inter—
vals. After each interval of simulated time has elapsed, the
position of the fish is recorded. The user then decides the time
at which the results become interesting and enters the number for
the appropriate interval. For example, if a RUNTIM of 1000 is
selected and the user decides that information on distributions
previous to 600 minutes is uninteresting, a value of 6 should be
entered. The table itself consists of 500 entries, twenty to a
line, of the fraction of the total number of fish simulated
(NOFISH) found occupying a particular compartment a;c the time of
observation. Compartment 1 is at the upper left and represents
the conditions at the outlet. Compartment 500, found at lowetr
right, represents conditions 500 X BOXLEN meters out along the
centerline. The table is compressed and each entry consists of
a decimal point followed by one to three digits giving the fraction
of total fish in that box.

After the last table is printed the number of iterations,
ihter‘nal preferred ‘;’cemper*atur‘e, and time to steady state rates are
given as described above.

At some point the user will be asked if he wishes to con-
tinue. If "yes" is entered, the user will be asked to supply a
new RUNTIM, DLTFTR, NOFISH, AND BOXLEN. Values of

all other variables will remain as initially entered. If "no" is
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entered, the user will be asked if the temperature table is desir-

ed. This table gives the temperature of the water in °C in each

compartment. Entries correspond to entries in the position tables

and consist of one or two digits to the left of the d.écimal point
and one to the right. A simple yes or no is entered as desired.
The user will then be asked if the final rates are desired.
If non-zero values of DTEMP, OMEGA and BETA have been en-
tered previously in the run, "ho' should be entered since the
entries in the table will be meaningless as mentioned above. If
"yes" is entered, a series of numbers will be printed for LOC,
TEMP, CURRENT, LAMDA, MU and LAMDA—I\/\U. LOC (LOCa~-

tion) refers to the number of the compartment. TEMP is the

water temperature in that compartment in OC and CURRENT is the

current speed in meters per minute at that location. LAMDA is
the rate in meters per minute that a fish can travel upstream to
warmer water from that location. MU is the corresponding rate
of travel downstream. The peak in the steady state distribution
will occur where LAMDA-MU is zero, that is, where the sign
changes from negative to positive. The printout begins at the
location just above the cpitical velocity point and continues every
Five boxes after-that. Since in the steady state no fish will be
found above the critical velocity point, conditions for those com-

partments are considered uninteresting and are not listed.
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Finally, the user will be asked if the steady state probab-
ilities and enhancement ratios are desired. Again, if DTEMP,

OMEGA, and BETA are non-zero, "no" should be entered for

reasons given above. If "yes'" is entered, a printout of LOCATION,

PROBABILITY, and ENHANCEMENT RATIO will begin.. The list
starts just below the critical velocity point and continues every
fifth compartment. Enhancement ratio is the ratio of fish density
at the location to fish density in the lake. Probability is the pro-
bability.that, given there is a fish somewhere between the critical
velocity point and box 500, it will be found at that location. Due
to the manner in which probability and enhancement ratio are cal-
culated, only the first two significant figures should be considered
reliable. This is a result of using a discrete state machine
(digital computer) to perform the calculations and would require
more effort to rectify than the accuracy of the input data could

justify.

iii) Strategy of use

All ‘attempts have been made to make this program as com-—
putationally efficient as possible. It is still possible, though, to
use large blocks of computer time while gaining only minimal
amounts of information. An optimum strategy has been formula-

ted to permit the user to obtain maximum information at minimum
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cost.

First, it must be noted that there are two variables which
have major influence on the time required by the program. These
variables, RUNTIM and NOFISH can be manipulated to advantage
by the user. It is thus suggested that NOFISH be initially set to
one. Several runs of the program can then be made using differ-
ent values of RUNTIM. An initial value of 500 for RUNTIM seems
to work well. RUNTIM can be increased until the time to steady
state rates is less than RUNTIM, -or until the internal preferred
temperature is approximately equal to the final preferred tempera-
ture. If the internal preference is approximately equal to the final
preference it means the time to steady state is very large, and that
a smaller RUNTIM can be selected to illustrate the more significant
aspects of changes in distribution with time. If the time to steady
state rates is less than RUNTIM, a new value of RUNTIM can be
selected which is just slightly greater than the time to steady state
rates. This procedure serves to determine an approximate limit
for the time in which the most rapid changes in distribution occur.
After the time to steady state rates has elapsed, changes in distri-
bution occur very slowly and long runtimes are necessary to give
significant changes in the distribution.

Ohce this value of RUNTIM has been selected, a new value

of NOFISH must be chosen. It is recommended that some multiple
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SAMPLE RUN OF PROGRAM FISHES (GON'T.)
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Figure 4. Thermal images:ofiother thermal plumes: Sheboygan
Edgewater Plant. '
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FINDINGS

The results of this study are presented in tables 1 through 4
of this section. The first table is a list of species divided into
groups according to maximum enhancement ratio. The second table
groups species according to location of maximum enhancement ratio.
The third table groups the. species according to time to steady state
rates. Table 4 gives the parameters that were used in program

FISHES to obtain the above information.

TABLE 1

ENHANCEMENT RATIO LEVELS

Maximum Tab actual . - Species
Enhancement Ratio ratios ama . date
L. Macrochirus (2/20)
N. hudsonius . . 3/2)
P. nigromaculatus (4/23)
1.0 P. annularis - (5/6)
(Lake level) P. annularis (7/5)
L. gibbosus (7/18)
P. nigromaculatus (10/9)
P. flavescens (12/18)
) 1.4 A. rupestris (1/18)
4.8 I. nebulosus (1/21)
1 - 10 2.0 L. gibbosus (4/3)
1.4 1. nebulosus (6/25)
1.8 N. flavus (10/24)
o1 P. nigromaculatus (2/8)
10 =120 10 C. carpio 3/22)
120 P. nigromaculatus 12/7)
> 120 B840 N. atherinoides (1/18)
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TABLE 2

POSITION OF MAXIMUM ENHANCEMENT RATIO

Location of Maximum ER| Tab actual Species
(meters from outlet) ratios and date
R L. macrochirus (2/20)
N. hudsonius B8/2)
P. nigromaculatus (4/23)
lake P. annularis (5/8)
( >3000) P. annularis (7/5)
L. gibbosus (7/18)
P. nigromaculatus (10/9)
P. flavescens (12/18)
2130 A. rupestris (1/15)
2420 I. nebulosus (1/21)
2000 - 3000 2210 C. carpio (8/22)
2070 L. gibbosus. 4/3)
2480 I. mebulosus (6/25)
2360 N. flavus (10/24)
1710 N. atherinoides (1/18)
1000 — 2000 1840 P. nigromaculatus (2/8)
1780 P. nigromaculatus (12/7)
TABLE 3

ADAPTATION TIME

Time to Steady-State ! Species
Rates (minutes) and date

N. hudsonius &/2) B

O Fa nigromaculatus (4/23)

> 3000 P. annularis (5/6)

P. annularis (7/5)

L. gibbosus (7/18)

P. nigromaculatus (10/9)

500 — 3000 P. n?gr‘omaculatus (2/8)

L. gibbosus (4/3)
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TABLE 38 (CON'T.)

Time to Steady-State Species
Rates (minutes) and:date
A. rupestreis’ - (1/15)
N. atherinoides (1/15)
1. mebdlosus (/21)
100 - 500 L. macrochirus (2/20)
C. carpio (8/22)
N. flavus (10/24)
P. flavescens (12/18)
< 100 L. nebulosus (6/25)
P. nigromaculatus 2/7)

Figure 5 indicates the location of the maximum enhancement

ratios as a function of distance from the outfall.

expected steady state enhancement rati

sented in Appendix I.

Graphs of the

os for each species are pre-=
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Figure 5. Graphic Position of Maximum Enhancement Ratio
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ANALYSIS

;Fhis section will attempt to interpret and elaborate the data
presented in the RESULTS section. Steady state and time depen-
dent features of the results will be commented upon and related to
the initial study objectives.

Steady state Qonditions projected by the model will be consid-
ered first, Examining the steady state enhancement ratios of table
1 in the results section, it is seen that the expected ratios are
considerably less than those projected by tre steady state model of
Robb (1974). This is primarily due to the limitations on fish mo-
tion imposed by the induced current. The proposed exit velocity of
122.5 meters per minute (6.7 feet per second) is at least an order
oFlmagnitude greater than the maximum sustained swimming speed
of any species of interest. Although decay of current velocity is
exponential with distance from the exit, the current is still greater
than swimming speed at centerline distances exceeding oné kilometer.
Since temperature follows the same decay pattern as velocity, the
excess temperature (degrees above ambient) accessable to fish is
less than one degree C for a proposed maximum excess tempera~
ture at the exit of 119C. This small temperature excess genher-—
ally provides little stimulus for fish to seek warmer waters against

the not inconsiderable current that exists for some distance beyond
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the critical velocity point. (point where current eguals maximum
sustained swimming speed) The previous model did not take
current effects into account and hence overestimated the excess
tefnperatures available to the fish, and thus the maximum enhance-—
ment ratios possible.

Further examination of table 1 reveals am even more interest-—
ing feature. The low enhancement raties (essentially no enhance~
ment over lake conditions) occur during late spring, summer, and
autumn when lake temperatures are warmest. The highest enhance-
ment occurs during winter months when the temperature difference
between preferred and ambient temperatures is greatest. Data for
the one species for which there is full seasonal information,

Pomoxis nigromaculatus, illustrates this seasonal variability in

enhancement. During winter (2/8) a high pratio of ~90 is observed.
This declines during spring to a value of lake level (4/23) and re-
mains at this level through autumn (10/9) and then increases to a
winter value of 120 (1 2/7). Information from other species for

which there is partial seasonal information (Ictalurus nebulosus,

Lepomis gibbosus, Pomoxis annularis) bears out this trend.

Table 2 of the results further emphasizes the problem of
high current velocity. The large distances shown are mainly a
result of current since for no species listed is the critical velocity

point less than one kilometer:(centerline disten ce) from the exit.
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Extension of distance to maximum ehhancement ratio beyond the
critical velocity point is due to temperature preference effects and
illustrates the trade-—off between the preference for warmer water
and the disinclination of fish to expend extra energy fighting the
current to reach the warmer waters. Again, seasonal effects may
be noted. In the warm water seasons fish tend to remain further
out near lake conditions. In winter, the fish tend to migrate in
closer to warmer water.

The time to steady state rates given in table 3 of the results
is useful in estimation of the time necessary to achiewe a stable
distribution after a plume is introduced to the environment. The
times given do not indicate the time to steady state distribution .
directly, but rather indicate the time necessary to provide sufficient
exposure for acclimation to the maximum available température.
Additional time is required for the fish to swim about and try diff-
erent conditions before settling on some preferred combination c;F
temperature and current. This seeking behavior requires a period
about 106 times greater than the acclimation time for the proposed
conditions. Thus, time to a stable distribution is about 100 times
the time to steady state rates Given in the table. One item should
be noted, and that is that the times in excess of 3000 minutes given
in the table are generally misleading. These times generally occur

for species where lake conditions are preferred. When the plume
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is introduced, these fish are already near their steady state distri-
butions and no amount of 1‘;ime will alter the distribution significant~-
ly. Very large times coupled with maximum enhancement ratios of
one=:ishould be ignhored or considered to be close to zero. The time
to steady state seems to be a function of both the difference be-—
tween acclimation and preferred temperatures and the swimming
speed. The témperature difference determines the strength of the
thermal selection stimulus and the swimming speed is the impler -
mentation of the stimulus response.

Time dependent effects are numerous, but perhaps one of the
most important is the response to entrainment. The problém here
is that during entrainment, the fish may be subjected to tempera-
tures considerably in excess of their critical thermal maximum.
With the high exit velocity proposed, turbulence, and hence entrain-
ment, is expected to be considerablg. While it is not possible at
present to estimate the fraction of the population affected by en—
trainment, it is possible to observe what happens to entrained fish.,
The model indicates that even in the worst possible case, that of
fish entrained nhear the exit, the maximum exposure time of fish
to temperatures in excess of five degrees above ambient is less
than five minutes and exposure to one or more degrees above am-
bient is less than 30 minutes. For most species this is not suff-

icient exposure to cause death even if the outlet temperature is
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considerably in excess of ambient.

A further time dependent effect is that fish Entr*oduce‘d initially
to temperatures significantly in excess of ambient; as in entrain-
ment, acclimate faster and tend to'r‘emain in water warmer than
that seleéted by fish swimming up—gradient from 1ake conditions.
The two subpopulations of entrained fish and lake fish eventually
merge at steady state, but exhibit separate and distinct mean pre-
ferences until that time. This phenomenon has been observed in

the laboratory, and also in the model.
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RECOMMENDATIONS

This section covers two areas, the first pertaining to plant
operation or fisheries mémagement and the second to the model
itself.

In the first area, if it is desired that the area fishery be
augmented by using the warm water as an attractant, it is recom-
mended that the exit velocity be considerably reduced, since this
is the major 1imitinc_:; factor to fish accumulation. At this late
date in the construction, - such action, since it would require sub—
stantial modification of the discharge structure, is probably nhot
practical. It shoulld be taken into consideration, however, on any
proposed or planned plants.

Although fish are attracted to the plume area during certain
times of the year, this phenomencn cannot be relied upon as a
rapid stocking mechanism. The tendency of the fish to accumulate
in narrow bands makes the area particularly susceptable to over-—
fishing, especially by commercial methods. Due to the time
required to achieve steady state distributions, restocking of the
area by migration could require several weeks. This could have
repercussions in the area surrounding the plume as well as in the
plume itself. It is recommerided that careful attention be paid to

commercial fishing in the actual region of the plume, especially in
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the areas beyond the 1°© isotherm during periods of fish aggrega-—
tion.

The possible directive effects of a warm water region are
also not to be ignored. The possivbility of alteration of spawning
or migration cycles of fish exposed to the plume should be more
fully investigated. It appears that the region affected by the plume
will be considerably greater than that reported by Herdendorf (1972)
and a considerably larger population may be affected than origin-—
ally anticipated. It is suggested that the original estimates be
reviewed with special attention to areas of regions beyond the 1°©
isotherm since greatest accumulations are projected for regions
0.1 to 1.0 degrees above ambient.

The model, while yielding intuitively reasonable results, is
currently unverified. Primary emphasis should be given to defer-—
mination of the accuracy of the model. For this purpose, it is nhot
necessary to wait until the Davis-Besse plant begins openation.
Projections can be made and compared to field data for river
mouth studies or studies of currently existing plants discharging
hot water into a lake environment.

Further refinement of the model is also recommended. For—
tunately, the structure of the model facilitates modification except
in cases where simultaneous observation of two or more species

is desired. Provision for variable plant operation during the
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simulation period should be Made. This would permit analysis of
such occurences as a plant shut—-down and allow estimation of
subsequent cold-shock mortality, Provision for fish removal during
the simulation period is also advisable. This would give informa-—
tion on the influence of various fishing strategies and fisheries
management practices on the area populations. It is recommended
that effort be devoted to improvement of the functidns describing
rates of fish movement, swimming speed, and other population
parameters, preferably by replacément of the present deterministic
expressions with probability functions obtained by actual field ot
laboratory observation.

Finally, extension of the model to a two dimensional case
should be considered. Thié would involve replacement of the
present functions for evaluation of temperature and current, and
would considerably increase the computer time required, but
would have the advantage of providing a more comprehensive picture
of the areas affected by the plume as well as influences on the

spatial distribution of the fish populations.
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ADDENDUM

It has recently been brou‘ght to the attention of the author
that the swimming speeds used in this study are ~1/4 those observ-—
ed by most researchers. The speeds used are in agreement with
those reported by Brett (1958) but should probably be modified in
any subsequent use of the model. The eqguation for approximation
of swimming speed from preferred temperature has been modified
to reflect this increase.

An increase in swimming speed is not expected to cause any
significant changes in the qualitative aspects of the results. The
critical velocity point will be decreased by ~500 meters and the
corresponding maximum available temperature increased by 3-4°C.
The maximum enhancement ratios for fish exhibiting accumulations
in the plume region are expected to inpr*ease somewhat, but should

change little otherwise.

T T T
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APPENDIX I

EXPECTED STEADY STATE DISTRIBUTIONS

FOR THE SPECIES EXAMINED
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APPENDIX II

EXPO. FORT

This is the first program of two total that comprise the
model system. The purpose of the program is to take a series
of data points of the form (location, no. of fish) and fit the below

eqguation to them.

Sl =2 /2 0211y 7o

PO) = —t— e

\/2mr O

It should be noted that in the special case where b = 0, this
equation becomes the expression for a normal Gaussian distribu-
tion with a mean M and standard deviation o. C is a normali-
zation constant and b will be referred to as a skewing factor.

Since the fish are essentially integer guantities, an offset
factor explicitly determined is subtracted from the above expres—
sion during the fitting process.

The fitting is -accomplished as follows. The offset factor is
calculated as <§: (normalized data) — % P(x))/N. A binary
search is then initiated to find b by minimization of tke squares of
the residuals. When this minimization is accomplished, a new
value of the offset factor is calculated and the iteration counter is

incremented. A new b value is then determined and the process
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continued. Iteration is terminated in one of three ways: 1) if the
value of the offset factor does not change on successive iterations,
: N _2 -5

2) if the Z(R )y <10 7, or 8) if the number of outer loop iter=
ations exceeds 20. The maximum number of iterations of the
inner loop (b value) is ~30. Convergence is generally rapid with
minimization being attained after~5-10 outer loop iterations for

most cases.

VARIABLE LIST

variable value - variable value

PI m - SUMY Y

SQSUM E(Y‘X2> SUMF > PG

N no. -data pairs BINC binary search
NT no. tot;l fish ' | increment (A D)
AMEAN M ¢ V(o VB
SQ m° E (x - My2 /202
STD o = b (x = M)

A offset factor Al " <ZY - Zp(x)> /N
B skewing factor SUMFUN Z FUN

B | omIT | SUMF 1 Y FUN 1
KOUNT outer.loop iterations

ST 0 g2
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Variable
SUMF2
Ed .
E2
D
C
C1
c2
FUN
FUNi1
FUNZ2

PISQ

value

Y FUN 2

(b4Ab) (x M)

(b -Ab)(x=M)
=M/ 502

D (eb(x-!\/\D‘H) /5
D(eqb—l-Ab)(x—M)+1)/2

' D(e(b —Ab)(x—M)+1)/2

P(x) + offset - Y

F’(x)+Ab + offset =Y
P(x)—Ab + offset =Y

1 /o \2m

(# fish at location) /total
location

r\esidual2

f



CTE03S

ooz

anpan

oniso
[k

GooSE

Qo0E0
ooodh
0000
poos0
uoioo

00110

QO1g0
[{1a}ReqY]
00140
Qo150
QA
aolvn
noien
oo1es
aoien
0019
[
gozan
0020S
gos10
nnzesn
noEes

a0

ngE4q0

noR4s

Qnasn
(aRes
DnEan
aogss
[
QOEET
Q0E&s
QuEvo
QUETS
NOETS
QoaFs

0
=

bx]

86

PROGRAM LISTING OF EXPO

%, ExPO.FORT”

TIMEMEION Y (30 s s (Z00 s RESD

IATA PI-2, 19155

CWRITE (& 2000

FORMET ¢# *+ “HOW MANY DATA FOINTS ARD TOTAL WJHITET D
READ{Ss 43 NaMT
CHLL ERRSET (207250 ~1s 150 2080

WRITE .
FORMAT <y “ENTER FDZ
RERD €3 (T Y (TN e I=1a12
AMEFAN=M, GED '
ZEEUM=0. DEQ

g 10 I=1sN
YWTa=y (1 #HT
FAMEAM=FMERN+T (13 +5
SRELUM=SREUNHY (1Y 4 0R
COMTIMUE
SE=AMERMH++Z
ETO=3CF
A=0. DEQ
E=0. 0EU
El=0. 0ED
EQUMT=0

ET=2, O+ (STH+4E

LIt =S

0. 0ED

SUMF=0. GED

E=1. 0ED- (STO#SERT 2. 0eF 180

0 206 I=1+H

SUMY=SUMY+Y (T .

(T3 —AMERAMD ++20 7 (2, DeSTI++20

I3 —HMEFAMY ¢ E
SUMF+E+EXP (~E+ ¢EXP {Fu+1. 1+, 50
CONTIMLE

A1=CEUMY—SUMFY N
1FA1.ER. Ry =0 TO SO0
F=A1

SUMFLIM=0, QED
SUMF1=0. 0ED
SUMFE=£, 0EQ

0 40 I=1sH
F=x w12 —~RMERM
E=E+F
E1=E+BINCRY ¢F

(Continues),
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PROGRAM LISTING OF EXPO (CON'T.)

Eg=E-EINCEY +F
D= iF+421 /3T
. C=Die CEMFAEX+1L DEDY ¢ 5
Ci=I+ (EXP(E1x+1, OEQs €. G
DE=D0(EHP{EE}+1.QED)0.5
SeERF o= +H-Y (12
FUM1=h+EXF C
FUMZ=GeERF (~C20
SUMFLUH=SUMFUNH+FLMNee2
SUMF1=SUMF 1+FUNLeed
SUMFE=SUMFE+FLNE++2
40 COMT IMUE
IF fSUMF1. GE. SUMFUMy &0 TO &3
E=E+EINCR
=0 TO &0
=34 IF CEUMFE. BE . SLMFLNE 0 T 7O
E=E-EIMNCE
IF CABE JNFUH—SUHFE?.LT.l.UE—SU} =0 TO
50 70O &

(sl

0

© 70 BIMCR=RINCR-Z.0

IFEHEEiSUHFUHb.LT.l.DE—S} =0 TO 500
IF ¢RIMCR,LT. 1. DE-100 B0 TO 99
50.TO 20 : '
£ EOUHT=HOUNT+1
IF cKOUHT. GT. 20 GOTO S00.

2053 Ay Br SUMFUMs KDUNT
205 FORMATC/ < “ORDER ISt Ar By RESIDUALeE: ITERATIONE s #° <y 4515,
FISE=1. NEQ/ (XTI SERT (2. P12
0 S0 I=1:3
RCIy=i. 0E0
S0 COMTINUE
ST=8, (¢ (STI+#EY
DO &0 I=1sN ,
F(1}=t(T(I)—PIS&*EXPC—<iXdI?—HMEHND¢¢EfST)¢.54iEXPiB¢
{63 (T ~AMERMD 241, 002 —F3d ¢+E+R 010
REy =LY (T { £ 08 0T —RMERH) ¢42/5Ti ¢ S¢ (EXF ((E-. 10+
1 (% ¢T3 —AMEFND & +1. 00 —F 3 # 424+R 2D
R ccv(1>—Plsm«ExFc—cdxflb—ﬁmaﬂnb¢02/31b¢.5¢fExP<cB+.13«
1 65 ¢T3 —AMERMY 3 +1. 030 —Fx 3 #4 2R {20
€0 COMTIMNLE :
HRITE f6y 20 RUEANs STIRBR (LY 1R (2D 2 RO
203 FORMAT (4 71 ORDER: MEANs STILDEV.s Br RA{EY» R(E—.10s RCE+.137y
10 41EB1E.ED
G0 TO S
ENI

w
"t
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APPENDIX III

FISHES , FORT
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APPENDIX III
FISHES « FORT
This is the second program of the set and is the actual‘

model of fish behavior and distribution. It consists of a Monte-
Carilé simulation of individual fish motions in a thermal gradient
with current effects. The probabilities of transition to a point
closer to the source, to a point more distant from the source and

of no transition in a time increment are calculated by:

Pcloser = A, V) + At

Prurther = H(i, V) - At

Pstay = (1= Pooser) " (17 Prurther
and

P = Pcloser

" TP

R

Pdown = ,:Ffu rther
P
=3 : = l:)stay
sta - —_——
Y Z =

A random number generater is then used to determine which
transition occh‘s. After the transition ‘the acclimation temperature
is re—evaluated and the loop continues for the next At until the
specified simulated time has elapsed. This is then repeated until

a specified number of fish have been simulated. The final location
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at the end of each simulation period is recorded for each fish.
The r‘ésults are then normalized to yield the occupation proba="
bilities. Steady state conditions are then calculated according to

the method given in the program users' manual.

VARIABLE LIST

Variable Value

TM acclimation temperature with time

A, B, D, F constants for A and i

TLAKE lake temperature

TPREF final preferred temperature

TMAX maximum temperature available to
fish

OMEGA frequency of temperature oscillation

BETA factor describing spread of temper—

ature peaks with distance from

source
DELTIM At
DTEMP magnitude of temperature fluctuation

at source

TOUT : maximum temperature of source



Variable

XFAL

EPIS

SKEW

couT

STD

BOXLEN

R

NOFISH
RUNTIM
VS

ITIM
LOGC

PI, IP
PROB

T0

o1

Malue

exponential fall—off rate of temper-—
ature and current with distance from
source (normally .0025)

rate of change of acclimation temper—

ature

skewing factor of acclimation

temperature distiribution

maximum current speed at source

o in acclimation temperature dis—
tribution

compartment size

start value for random number
generator

number of fish to be simulated

time period to be simulated
swimming speed

number of At increments in RUNTIM
position: off fish At itime

used to calculate random number
random number ( 0 £ PROB < 1
temperature of next lowest compart—

ment
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Variable Value

TLOC temperature at LOC

PUP probability of going from LOC to
LOC-1

PDOWN probability of going from LLOC to
LOC+1

PSTAY probability of no transition

SUMP > P

POSITN array of final locations

LOCZRO Location of critical velocity point

DLTFTR time scaling factor

TIMINT 1/10 X RUNTIM

EQPT critical velocity point in meters
distance

ADAPT adaptation time

SUBTIM time of next observation period

INDX time interval counter (1-10)

CURNT current in occupied box

AL, AM rates for current and velocity

gradients in same direction
AL2, AM2 rates for current and velocity
gradients in opposite directions

FACTIM At/ unit length
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Variable. Value
ITAB first position table to be printed
TESTIM time at which the INDX cbserva-

tion was made

SSPSUM steady state probability sum
[IS) start location for steady state tables
I length of tables
ER enhancement ratios
PSS steady state probabilities
TIMSUM elapsed simulation time

- Subprogram List SUBPROGRAM LIST
Name Value Returned
ALAM A (LOC, V), u(LOC, V)
TFUNC temperature at LOC with time
CUR current speed at’_ L.OC

Errata: In line 2120, the expression: J¥DELTIM should be
replaced by TIMSUM, and TIMSUM .should be added

to COMMON. J can be deleted from COMMON. This will correct
the expression which generates the thermal non-linearities and will
make the time scale of fluctuation consistent with the remainder of

the program. It has no effect on the gradient when DTEMP is zero.



94

PROGRAM LISTING OF FISHES

FISHES. FORT

aonL
annEo

pawsv
aoogn

pgolan
aniin

ooi2o f

niE0
oni40
QOLsn
gotEn
[ Ay}
nalaEn
LB R=RY
anpzan

nosan
Qo
oz
oz
anEza
a0zq0
aozsE0
Qe
nz7o
e
P
NN
ond1o0
hhEYA(
DL ]
DDEEI
00450
EE-R
angva
D E 2]

20

1LDC2RD,DTENP:TDUT

=00 s ER SO
l!DHEGH!BETH!DELTINs
Wy COLT s STD BOXLEM

s

DIMEMSION POSITH SO0 10 s PSE
EDMNDH/BI/TN:TLHEErTFFEF!TNH
FALsEFIS
~1sta 0350

CALL ERFEETS
‘P ¢

WRITE s 1008 .
FORMAT O ’-’EHTER:HDFIEHsTLHHE:TFPEF~EPI?

CKEW s ETDD

REAL ¢5e ¢ NOF1SHs TLAKE: TPREFsEFLS KEWs STT
WRITE C&y 1012

FORMAT (* ’s’EHTER:EUHTIM5TDUT:DTEHPsDMEEH:EETH;GDUTsHFHL”}
RERT (S 42 PUNT IMs TOUT DTEMP s OMEGR s BETH COUT» #FAL
WRITE £6s LUED ' .
FORMAT 6 s *ENTER: %S+ DLTF TR BONLEN 2

READ ‘Ss 434Sy ILTFTR EORLLEM

TIMIHT=RUNT IM-10.

WRITE &y 1032

FDRMAT ¢ < s “PROGRAM EXECUTING Y

ERPT=—ALOE (wS/COUT: ~HFAL

LOCZRO=EQFT - EOXLEN

IF (LOCZRO.LT. 1y LOCZRO=1

KHTR=10

o0 15 J=1:10

DO 10 K=1:500

POZITH (K Jy=0.0ED

COMTIMUE

COMTIHUE

10 =0 I=1+HOFISH

RUAFT=1, DE{

SUBTIM=TIMINT

IMDM=1

LOC=1-S00e 5 (I—1 < S0

1FsLOC. GT.S00 LOC=S500

1FLOc. LT, 1 LOC=1

THAK=TFUNC {LOCS

TM=TLAKE

TIMSUM=0, 1ED

pI=1.010010001-PFOB

IF=FI

FROE=FPI-IP

IF ¢FROE.LT. 1. E-22 PROE=1.ES+PROB+. 07007000V
CURMT=CUR (L0 :
FL=SLAM (L0 LOC—1 s %32
AM=AML .00 LOCH « WED
FLE=RLAM (L0 LOC+1 s WED
AME=RMU CLOCs LOC—1y S
To=TFUMC cLOC+1D
TLOC=TFUNC (LOC)
IF¢TD.3T.TLOCY &0 TO 32
DELTIM= (EDXLEN~ (AL-CTURHT 3 ¢ DLTETR

(Continues)
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PROGRNM[JSTNMBOFIHSHES (CON'T ).

IF (AMHCURMT. BT AL-CLRNTY LELT IM= (CEOXLEH ¢AM+CURNTY ) 4 DLTFTR
FACTIM=DELT IM/BOXLEN

PUP= (AL-CURNTY +FRCTIM

FOOWH= CRM+CURHTY «FRSTIM .

IF ¢PUF.LT. 0. NEDY FPUP=(. (ED

IF CFDIOWH. LT. 0. GED? FIOWH=0. 0ED

peTRY= 1. 0=FUF + (1. 0—-FIOWHD

IF CPSTRY.LT. 0. DEQ FETAY=0. 0ED

SLMP=PLP+PDOLH+PSTHY

FLUF=FUP<SUMF

FOOWH=PTOWN-SUMP

FETARY=FSTHY #ZUMP

50 TO 3E

DELT IM= CEONLEHs (AME-CURNTY ¥ +DLTFTR

IF CALE+CURNT . ST AME-CURNT? DELTIM=¢EBOXLEN~ (ALE+CURNTY > «ILTFTR
FACTIM=DELTIM~EOXLEN

PUP= CRME~CURNTY +FRCTIM

FTIOMM= tALS+CURNT +FACTIN

IF(PUP.LT.D.UEU} FURP=0, 0ED

IF ¢PTOWM.LT. 0. 0EQY PDOUWR=0.UED ]
PITAY=c1. O-FUPY+ (1, 0-FLOWN: ‘
IF cPSTAY.LT. 0. 0EQ» PSTAY=0.0ED

SUMP=FUP+FIOMH+PSTHT

FLF=PLIF-SUMF

PIOMH=FIOWH - SUMP

PSTRY=FSTRY ~SUMF

IF {FROE. LE. FUF+FIOWMHY 50 TO 37

G0 TO 33

1F ¢PROE.LE.PUPy GO TO 3%

LDC=LOc+1

50 TO 29

LOC=LDC-1

IFcLOC. 5T. 500y LOC=S00

IFCLOC.LT. 12 LOC=1

IF ¢RLAM (LOC RO+1s LODZRO, ¥EY L BE. CUR (LOCZRO+E? . AND.
{TH. GE, TFUMC (LOCER02» 50 TO 23

HDAPT=ATEPT+NELTIM

TH=TFREF- (TRFREF~TLAKEY +EXF (~EP TS#RAIAPTY
TIMEM=T IMS M+ DELTIHM

KNTR=ENTR+1

IF cTIMEM. LT, SUETIMy &0 TO 30

POSITN (LOCs IHIKy =POSTTH (LOCs INDX: +1. 0EQ

INDH= THDH+1

SUBTIM=SUET IM+TIMIMT

IF ¢1MDW.LE. 10 GO TO 320

COMTINUE
WRITE (s &150 ‘
FORMAT ¢* 7+ #D0 ¥OU WANT THE POSITION TABLEST??)
FERT .S 1500 FNE

IF (RMS.ME.YES) &0 TO 42

(Continues)




oLoie
n1a20
01030
L ET
DRI
91 0D
G1o7a
1030
olrosn
o1i0n
nii1n
a11z0

o

01150

01140
01150
01150
01170
01i:n
01130
plzon
o1z1a
01220
aigzo
niz40
niEsn

1D

01250
0136e0
niara
D ect=11l
01390
ni4qod
w1410
uigdEn
01430
14450
11450
G14a0
01470
n14s0
01490
a1500
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F’.ROGRAM LISTING OF FISHES (CON'T.)

WRITE (Ba 216D .

FORMAT ¢ “» “EMTER THE MUMEER OF THE FIRST FOSITION TRELE TO EE 7
{“PRIMTED £1 7O 10

REAL Sy 4+ ITHE

o 45 J=ITARES LD

o 4o K=1:500

FDEITNdH,JK>=PDSITHfK,JmﬁxﬂnFISH

COMTINUE

TESTIM=JE+TIMINT

WRITE (G 200 TESTIM .

FORMAT (" 277 ¢« “OBESERWATION TIME= “yi3ld, 80

WRITE &8s 2002 fPOSITHCE s JKX s =19 5002

CONTIMUE .

WRITE 5« &0Fr KMTR

FORMAT £« *» “TOTAL NUMEER OF ITERATIOMS= < IS

WRITEf&s 2120 TM

FORMAT ¢ sy IMTEPMAL PREFEREI TEMFERATURE=" 514, 30

WRITE c&2 2142 RDAPT

FORMAT &< 7« “TIME TO STERDY STATE RATES=" 314,83

WRITE iEa 2012

FORMATES “a20s7 sy .00 ¥OU WISH TO COMTIMUET 2 2

FEAD LSy 1500 AMNS .

FORMAT (A3

DATA YES/ YES '/
JIF CAMELHE
WRITE (58 2022
FORMART ¢« 7s “EMTER RUHTINsDLTFTReHDFIEHsBD%LEH‘)

READ VS +2 RUNTIH:DLTFTR:HDFISH;BDHLEH ’

0 TO S

WRITE (s 205D

FORMAT ©© <« DO YOU WAMT THE TEMPERATURE TRELET”X

READCS« 150> AMS

1F cAME. HE. YESY 0 TO 70

g &0 kK=1.500

FDEITN(HK:1}=TFUNC(KW}

COMTIMUE

WRITE tés 2082 {PDSITH(JW,i)sJK=isSDGﬁ

FORMAT Cy2OF4. 12

FORMAT ©¢ < s 20F4. 20

WRITE ¢Es2122

EORMAT ¢4 “» <10 O WANT THE FINALL RATES? )

REATICSy 1500 AMS

IF ¢RMS.ME.YES) B0 TO S&

WRITE(S2100

FORMAT € ‘s1xs“LDC”s3Hs’TENP',4H:’CURREHT'a?Xs'LHMUH”;ile‘MU“,
1145y “LAMDA-MLD

moas 1 :
T=TFUMNC {12

Y=CUR I
FL=ALAM 1y I-1 980~

S

(Continues)
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PROGRAM LISTING OF

Fil=RML T s T41 s S0+
DIF=AL-AM

o7

WRITE CEsE110 T+ TyWs ALy AMs TIIF

FORMAT ¢* ey i¥s 14 EXFE, 38K G14. 8

COMTIHUE
WRITE LBy E172

FISHES (CON'T.)

‘%5614.89EH5614.892%5614.8}

FORMATC* “xrs" 7+ 710 YOl WAMT THE STERDY STATE FROEAEILITIES AND ‘o

17 EMHANCEMENT RATIOST"S
RERD (Sy 1507 FANS
IF CAMS

Ik=S00-kk
1EF1=S01-KE
ER CIHKS
1ERZIKF1Y
IF {ER <TKZ

STPSUM= SUM+ER CTK2
COHTIHUE
0 56 L=I1Z:500

PEs Ly =ER LD #SEPELM
COMTINUE

WRITE €6 @152

HE.YESy GOTO 7S

f(HLHMiIKPlsIHsVS)—EUR(IKPI))f{HMUiIKsIKPlsV

LE. 0. 0EW ERCIKI=1.UEQ

Sy +CURCIEAD e

FORMAT (7 ’s1Hs’LﬂCHTIDH”s3H:’FEDEHBILITY’;EX:’EHHHHEEMEHT‘:

14 RATIOC

ILL=LOCZR0O+S

WRITE (G 2190 (LsPSSCL)sERiL)sL=ILLs49555}

FORMAT L7 7y 1¥e T4 5K 514, 5

STOP
EMD
FUMCTION ALFAM cLsLEs WD

EDHNDNXEI/TM~TLHKE’TFFEFsTHHW
1LDCERD:DTEHPsTDUTsHFHLsEPISs&

DT=TFUNC (L3 =TH
STOER=4, O+ (STDe4E0

C=LOCZRO

IF . ER. 0. 0EDD C=1,E-&0

LA

i=H CTEUMT Ly =TFUHC (L2 #C
HLHN—!/fl.U+EHP{E*((HT*HE
RETURN )

ENTRY AMUCLsLEs YD
DT=TFUMC L =TH
STIER=4, 0& (STDee2D

1LOG=LOCZRO

e E1d, 590

¢« Js OMEGA» EETH: DELTIMs
KEW ZOUTx STH BDXLEN

: TFUHCﬁILDC)—TFUHCCILDC+¢LE—L)?}

DT)D/STDEQ?*(EHP(SKEU*DT}+1.DEG)D)

(Continued)
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PROGRAM LISTING OF FISHES (CON'T.)

CoRES CTRUME CILDCD —TFUNG (TLDCH (LE-La 00
IFeC.EQ. 0. 0ED) U=1.E-80
T CTFUNG (L3 =TFLIHT (LEY 8 /T
ML= €1, OFERP (~Ee ¢ (DT+RBE (DT Y #STISE) ¢ (ENP CEHEWeDTY +1, 0EU 22
RETURN
END
FUHCTION TFUNC gk
COMMON<EL-THs TLAKE s TPREF s THRAX s Js OMEGH s BETA: TELT IMs
1LOCZR0s DTEMF: TOUT "ElJs COUT s STD s EOHLEN
FHP=. S¢ITENFERF (—HFAL +BOXLEH# K
THRYE=TLAKE+ (TOUT—TLAKE! ¢E#F £~3F AL+ EORLEM+KY —AMP
LTIM+EXP CEETR+K+EONLEN? +EOXLEMN+KS ~

~

in o

o ro

FETLIEN

EHI

FUMCTION CURLID :
CDMMDHKEJfTM;TLHHEsTFREF;TMHﬁ:JsDHEEH:EETH:DELTIH;
1LOCTROs DTEMFs TOUT s HFALEFIE SEWs COUT s STDy EDXLEN
C CUR=COUT+ERF (—HFAL+ I+ EDHLEN?

RETURN

EMD
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